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A B S T R A C T

Bone defects are a common clinical situation. However, bone regeneration remains a challenge and faces the
limitation of poor engraftment due to deficient vascularisation. Poly-3-hydroxybutyrate-co-3-hydroxyvalerate (PHB-
HV) and human adipose stem cells (hASC) are promising for vascularisation and bone regeneration. Therefore, we
sought to investigate the bone regenerative capacity of hASCs cultured in allogeneic human serum (aHS) and PHB-
HV scaffolds in a nude mouse model of the critical-sized calvarial defect. We evaluated bone healing for three
treatment groups: empty (control), PHB-HV and PHB-HV+hASCs. The pre-implant analysis showed that hASCs
colonised the PHB-HV scaffolds maintaining cell viability before implantation. Histological analysis revealed that
PHB-HV scaffolds were tolerated in vivo; they integrated with adjacent tissue eliciting a response like a foreign body
reaction, and tiny primary bone was observed only in the PHB-HV group. Also, the μ-CT analysis revealed only
approximately 10% of new bone in the bone defect area in both the PHB-HV and PHB-HV+hASCs groups. The
expression of BGLAP and its protein (osteocalcin) by PHB-HV+hASCs group and native bone was similar while the
other bone markers RUNX2, ALPL and COL1A1 were upregulated, but this expression remained significantly lower
compared to the native bone. Nevertheless, the PHB-HV group showed neovascularisation at 12 weeks post-im-
plantation while PHB-HV+hASCs group also exhibited higher VEGFA expression as well as a higher number of
vessels at 4 weeks post-implantation, and, consequently, earlier neovascularisation. This neovascularisation must be
due to scaffold architecture, improved by hASCs, that survived for the long term in vivo in the PHB-HV+hASCs
group. These results demonstrated that hASCs cultured in aHS combined with PHB-HV scaffolds were ineffective to
promote bone regeneration, although the construct of hASCs+PHB-HV in xeno-free conditions improved scaffold
vascularisation representing a strategy potentially promising for other tissue engineering applications.
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1. Introduction

Regeneration of bone defects that arise from trauma, congenital
defects, infections and tumour excision remains a clinical challenge [1].
Autologous bone grafting is the standard gold treatment for non-
healing, critical-sized bone defects since the grafts would be histo-
compatible and non-immunogenic; however, this procedure has sig-
nificant drawbacks, such as a second surgery site, discomfort, pain and
donor site morbidity. Allografting also has several disadvantages that
limit its use, including reduced bioactivity and increased risk of disease
transmission [1,2]. Furthermore, the quantity of tissue that can be
harvested without the morbidity of the donor site is limited. Despite
commercially-available bone products for orthopaedic treatment, re-
generation of critical-sized bone defects remains elusive [3]. In this
scenario, tissue engineering has shown therapeutic advantages by de-
livering cells and growth factors in biodegradable scaffolds. These
structures supply the necessary cues to recreate a suitable niche for the
restoration, maintenance and improvement of tissue function [4].

In this way, various biomaterials, such polymers (e.g., poly-3-hy-
droxybutyrate (PHB), poly L-lactic acid (PLLA), polycaprolactone, poly
(glycolic acid), collagen, chitosan), ceramics (e.g., bioglass, hydro-
xyapatite (HAP), calcium phosphate) and metals (e.g., titanium, Mg,
Fe), have been explored and have great impact on tissue regeneration
[5]. Several polymers have been investigated regarding their applica-
tion for bone tissue regeneration. However their poor mechanical
strength limits their applicability. Each material have it advantages and
disadvantages, therefore, the development of multicomponent poly-
meric scaffold is an effective alternative to meet the requirements ne-
cessary for bone tissue engineering, and also there are several inter-
facial bonding mechanisms (interface phase introduction, surface
modification and in situ growth) that can be used to improve the
compatibility between the polymeric matrix and the other components
(polymer, ceramic and metal) [6-9].

Polyhydroxyalkanoates (PHA), due to their low immunogenicity,
nontoxicity, biocompatibility, biodegradability and mechanical prop-
erties [10] are useful for biomedical application [11]. The first PHA
identified and well characterised was PHB; however, this polymer is
brittleness, hardness and crystalline, which limit its application. The
PHB copolymer poly-3-hydroxybutyrate-co-3-hydroxyvalerate (PHB-
HV) is commonly utilised because it is less crystalline and more flexible
than PHB [12]. So, the addition of valerate leads to the production of
the PHB-HV with changed physicomechanical properties that enable
PHB-HV manipulation to obtain the appropriate characteristics for bone
substitutes.

Human adipose stem cells (hASCs) are a valuable cellular source for
cell therapy [13]. hASCs are a disposable byproduct of lipoaspirates
[13,14] and can differentiate into osteoblasts in a controlled manner
[14]. They actively participate in tissue regeneration by secreting so-
luble inflammatory cytokines and trophic factors [15]. Thus, hASCs
have emerged as an attractive component for bone regeneration im-
provement.

While hASCs have become established in a clinical setting, issues
remain regarding standard cell expansion techniques that use the fetal
bovine serum (FBS). Human tissue engineering cannot use animal
serum due to safety concerns, such as immune reactions [16] and the
risk of transmitting infectious diseases. Several studies have been con-
ducted to replace FBS with human supplements [17-19].

Recently, our group developed a PHB-HV scaffold using a freeze-
drying technique with a structure that favours hASCs colonisation, and
we also substituted FBS with pooled allogeneic human serum (aHS) for
a hASCs culture which promoted an osteogenic phenotype of these cells
cultured in PHB-HV in vitro [20]. Moreover, we showed that aHS
medium maintained phenotypic, functional and genetic stability of the
cells and supported safe and effective transplantation [21]. Therefore,
the objective of this study was to evaluate the therapeutic effects of
hASCs cultured in aHS combined with PHB-HV scaffolds to promote

bone regeneration synergistically with a graft vascularisation in a nude
mouse model of the critical-sized calvarial defect.

2. Materials and methods

2.1. Preparation and characterisation of PHB-HV scaffolds

PHB-HV scaffolds were prepared and characterised previously [20].
PHB-HV polymer (molecular weight 425.7 kDa) provided by PHB In-
dustrial (Serrana, Brazil) was processed to produce the scaffolds by
freeze-drying technique. Briefly, PHB-HV polymer was dissolved in
chloroform at 60 °C under agitation obtaining a solution 7.5% PHB-HV
(m/v). The acetic acid (water phase) was added to the homogeneous
polymer solution to make an emulsion. Then, this emulsion was frozen
at −80 °C and freeze-dried (Telstar) for 94h to remove the solvent and
water phase completely, and subsequently, the PHB-HV scaffolds were
obtained. The addition of acetic acid (water phase) created two im-
miscible phases, where the continuous phase contained the polymer-
rich solvent and the dispersed phase was water. With this approach, it
was possible to have better control over porosity and pore size than just
freeze-drying the polymer solution [22,23].

The scaffolds were already characterised by scanning electron mi-
croscopy (SEM; DSM950 Zeiss) and by micro-computed tomography (μ-
CT; Skyscan 1072). The mechanical properties of the scaffold were also
analysed in both transverse and radial directions under compression
loading using a cross-head speed of 2mmmin −1 with a universal
tensile testing machine (Instron 4505 Universal Machine) [20].

For critical-sized calvarial defects regeneration assay, the scaffolds
were customised into 1mm thick disks with a 4mm diameter and
sterilised with 15 kGy gamma radiation for 30min.

2.2. Pooled allogeneic human serum (aHS)

The aHS was obtained from volunteers donors, who gave informed
written consent according to what is approved by the Ethics Committee
of the Federal University of Minas Gerais advisory board of the National
Health Council (number ETIC 11668613.7.0000.5149). Different blood-
group types were processed to produce batches of aHS, as previously
established by our group [20].

2.3. Isolation and culture of hASCs

hASCs were isolated from lipoaspirates from 20 to 40-year-old
healthy patients. The patients gave informed written consent according
to the approval for this study by the Ethics Committee of the Federal
University of Minas Gerais (number ETIC 11668613.7.0000.5149) ad-
visory board of the National Health Council. The isolation and culture
of hASCs were performed as previously described [20]. Briefly, the
stromal vascular fraction was isolated from lipoaspirates enzymatically
digested with collagenase type I (Thermo Fischer Scientific), and cul-
tured in the basal medium at 37 °C in a humidified 5% CO2 atmosphere.
The basal medium consisted of Dulbecco's Modified Eagle's Medium-
high glucose (Sigma-Aldrich) supplemented with 5mM sodium bi-
carbonate, penicillin (100 units/mL), streptomycin (0.1mg/mL), am-
photericin B (0.25 μg/mL), gentamicin (60mg/L) and 10% aHS. After
approximately 28 h incubation, non-adherent cells were removed, and
the hASCs maintained at subconfluent levels with three weekly medium
changes. Cells at the third passage were used for all experiments.

2.4. Flow cytometry

hASCs were incubated with each primary mouse monoclonal anti-
body CD166, CD90, CD73-PE, CD105, CD34, CD45, HLA-DR and CD19.
The cells were washed twice with PBS and then incubated with a sec-
ondary antibody. Finally, the cells were fixed with 1% paraformalde-
hyde. The secondary antibody was Alexa Fluor 488 goat anti-mouse
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IgG. The hASCs were analysed by flow cytometry with a FACSCalibur
(BD Immunocytometry Systems) using the CELLQuest acquisition soft-
ware. A minimum of 15,000 events was acquired, and cell marker ex-
pression analysed with FlowJo 7.5.6 software (Treestar, Inc).

2.5. hASCs differentiation assay (multilineage potential of hASCs)

The differentiation multilineage potential of hASCs cultivated in
monolayer in vitro was evaluated through incubation with the osteo-
genic, adipogenic and chondrogenic medium. Osteogenic differentia-
tion was induced by culturing cells in an osteogenic medium that
consisted of basal medium with 50 μg/mL ascorbate-2-phosphate,
10mM β-glycerophosphate and 0.1 μM dexamethasone. Then, the dif-
ferentiation was assessed by von Kossa staining. For adipogenic dif-
ferentiation, cells were cultured in an adipogenic medium that con-
sisted of basal medium with 0.5mM isobutylmethyl-xanthine, 200 μM
indomethacin, 1 μM dexamethasone, and 10 μM insulin. Oil Red O
staining (Thermo Scientific) was performed following the manufac-
turer's instructions to indicate intracellular lipid accumulation.
Chondrogenic differentiation was induced by culturing hASCs in a
three-dimensional pellet in a chondrogenic medium that consisted of
basal medium with 1mM dexamethasone, 125 μg/mL bovine serum
albumin, 1mM pyruvate, 200 U/mL insulin, 3.25 μg/ml transferrin,
0.01 μg/mL transforming growth factor-β1 and 5mg/mL ascorbate-2-
phosphate with only 1% aHS. Differentiation was assessed staining with
1% Alcian Blue 8GX. hASCs were induced towards osteogenic, adipo-
genic or chondrogenic lineages for three weeks [14].

2.6. PHB-HV+hASCs construct

5×105 hASCs were seeded on the PHB-HV scaffold to prepare PHB-
HV constructs (PHB-HV+hASCs). Subsequently, constructs were
maintained in basal medium for five days before in vivo implantation.

Before implantation, cell adhesion and viability of hASCs in PHB-HV
scaffolds were evaluated by SEM (DSM950 Zeiss) [20], and Calcein-AM
staining. Briefly, the constructs were washed with PBS and incubated
with 3 μg/mL Calcein-AM (Thermo Fischer Scientific) for 30min, at
room temperature and protected from light. The Calcein-AM-stained
constructs were washed with PBS and fixed with 10% formaldehyde for
30min. After fixation, the cells were stained with 1 μg/mL Hoechst
33258 pentahydrate (Invitrogen) for 20min to stain the nuclei. The
stained constructs were visualised using confocal microscopy (LSM 510
Meta Zeiss).

2.7. Calvaria critical sized-defect procedure

Eight-week-old male nu/nu athymic, Balb/c nude mice (Mus mus-
culus), weighing 20 g, were used for calvaria critical sized-defect assay.
This experiment was performed in accordance with the Ethical
Principles of Animal Experimentation and approved by the Animal
Committee of the Federal University of Minas Gerais (CEUA/UFMG
protocol number 373/2012).

Thirty-six adult male Balb/c nude mice were weighed and anaes-
thetised with an intraperitoneal injection of 90mg/kg ketamine and
15mg/kg xylazine. The surgical site was cleaned with a 70% ethanol
and 10% povidone-iodine solution, and an incision was made just off
the sagittal midline to expose the parietal bone. The pericranium was
removed, and a non-healing full-thickness 4-mm diameter defect was
made in the parietal bone using a drill (Aesculap Hilan) with a brass
trephine bit under constant saline irrigation. The animals were assigned
to the following groups (n=6 mice per group and time point): empty
defect (control), scaffold alone (PHB-HV) and PHB-HV scaffolds loaded
with hASCs (PHB-HV+hASCs). After osteotomy, the specific treatment
(empty, PHB-HV or PHB-HV+hASCs) was placed into the defect, and
the skin sutured with 4.0 nylon suture. None subject has the dura mater
damaged. The animals were monitored during the entire experiment.

The animals have euthanised 4 or 12 weeks post-surgery, the dis-
sected skulls photographed, and the calvaria was retrieved and im-
mediately processed for micro-computed tomography (μ-CT), histolo-
gical and immunohistochemistry analyses and real-time quantitative
PCR (qPCR) analysis.

2.8. μ-CT

New bone formation was also assessed using a μ-CT system (SkyScan
1172). The analysis was performed with a high-resolution mode of
8.9 μm and an exposure time of 590m s. The energy parameters were
48 kV and 204 μA. A threshold of 79-255 was chosen and constantly
maintained for all of the scanned specimens. The segmented images
obtained were three-dimensionally reconstructed using NRecon.

2.9. Real-time quantitative polymerase chain reaction (qPCR)

qPCR was performed to evaluate mouse mRNA levels of the fol-
lowing markers: runt-related transcription factor 2 (RUNX2), collagen
type I alpha 1 chain (COL1A1), alkaline phosphatase (ALPL), bone
gamma-carboxyglutamate protein (BGLAP) and vascular endothelial
growth factor A (VEGFA). Beta actin (ACTB) was the reference gene and
the analysis restricted to the area of the bone defect. The dissected
calvaria implants were frozen in liquid nitrogen and total RNA ex-
tracted using TRIZOL reagent (Invitrogen) according to the manufac-
turer's protocol. RNA samples were treated with DNase (Promega),
following the manufacturer's recommendation, and cDNA was synthe-
sised with the RevertAid H Minus M-MuLV RT kit (Fermentas). The
sequences of the forward and reverse primers used for amplification of
ACTB (GenBank: NM_007393.5), RUNX2 (GenBank: NM_001146038.2),
COL1A1 (GenBank: NM_007742.3), ALPL (GenBank: X13409.1), BGLAP
(GenBank: NM_007541.3) and VEGFA (GenBank: NM_001287056.1)
were: 5′- GGATGCAGAAGGAGATTACTG-3′ (ACTB-F′), 5′-CGATCCAG
AGAGAGAGTACTTG-3′ (ACTB-R′); 5′-AATGCCTCCGCTGTTATGA
AAA-3′ (RUNX2-F′), 5′-TCCGGCCCACAAATCTCA-3′ (RUNX2-R′);
5′-CTTCACCTACAGCACCCTTGTG-3′ (COL1A1-F′), 5′-TGACTGTCTTG
CCCCAAGTTC-3′ (COL1A1-R′); 5′-CAGTAACCGCTGCCCGAAT-3′
(ALPL-F′), 5′-TCCTCGCCCGTGTTGTG-3′ (ALPL-R′); 5′-TGACCTCACAG
ATGCCAAGC-3′ (BGLAP-F′), 5′-GCCGGAGTCTGTTCACTACC-3′
(BGLAP-R′); 5′-GTACCTCCACCATGCCAAGTG-3′ (VEGFA-F′), 5′-TGGG
ACTTCTGCTCTCCTTCTG-3′ (VEGFA-R′). qPCR reaction was carried out
using 2x SYBR Green PCR Master Mix (Applied Biosystems) in a 7500
Fast Real-Time PCR System (Applied Biosystems) according to opti-
mised methodology [21]. Data were processed using 7500 Software,
version 2.3 (Applied Biosystems). Gene expression calculation was
performed using the 2−ΔΔCt method, where ΔΔCt=ΔCt (sample) - ΔCt
(calibrator) and ΔCt=Ct (target gene) - Ct (reference gene). ACTB was
used for data normalisation (reference gene), and internal control
(mature bone) as a calibrator.

2.10. Histology and immunohistochemistry

For histological examination, calvaria were collected at the estab-
lished endpoints, fixed in 4% paraformaldehyde for 48 h and decalcified
at 4 °C for seven days with a 10% ethylenediaminetetraacetic acid so-
lution (pH 7.2). After decalcification, the calvaria were paraffin-em-
bedded, sectioned at 5 μm and stained with H&E.

To address the commitment of the implants with osteogenesis, we
performed immunohistochemistry to detect the expression of osteo-
calcin, an osteoblast marker that is encoded by BGLAP. For im-
munohistochemical analysis, the cross-sections of each implant were
blocked with PBS that contained 10% normal goat serum and 0.1%
Tween 20 for 1 h at room temperature, and after with anti-osteocalcin
antibody (1:200) for 2 h at room temperature. The slides were in-
cubated with biotinylated anti-mouse secondary antibody (1:200) with
conjugated streptavidin (1:400). Successive sections were analysed, and
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representative images acquired with an optical microscope (Olympus
BX-41 with a Q-Color3 digital camera; Olympus, Japan).

2.11. RT-PCR

The presence of hASCs in the area of the implants of the PHB-
HV+hASCs group after 12 weeks post-implantation was assessed ac-
cording to gene expression of the endothelial marker VEGFA. In order to
do that, the RNA extracted from the dissected calvaria implants was
reverse transcripted into cDNA. mRNA was also isolated from hASCs
culture as a positive control. RT-PCR was performed for human VEGFA
(GenBank: NM_001171623.1) 5′-GGAGGGCAGAATCATCACGAAG-3’
(hVEGFA-F′), 5′-GGATGGCTTGAAGATGTACTCG-3’ (hVEGFA-R′); am-
plicon size: 132 bp and mouse VEGFA (GenBank: NM_001287056.1)
5′-GTACCTCCACCATGCCAAGTG-3′ (mVEGFA-F′), 5′-TGGGACTTCTG
CTCTCCTTCTG-3′ (mVEGFA-R′), amplicon size: 63 bp. PCR cycles were
as follows: 95 °C for 3min, 95 °C for 40 s, 60 °C for 30 s and 72 °C for
30 s (35 cycles), and 72 °C for 5min. A non-template control (NTC) was
performed for each pair of primer evaluated. The RT-PCR products
were analysed through 2.5% agarose gel electrophoresis and visualised
with ethidium bromide and 50 bp DNA step ladder (Sigma).

2.12. Quantification of vessel density

The number of vessels was quantified in consecutive fields of five
non-consecutive H&E-stained tissue sections at the fixed endpoints and
group using ImageJ software (NIH). The result represents the mean
number of vessels/mm2 for each group.

2.13. Statistical analyses

Statistical analyses were performed using Graph Pad Prism 5.0. The
values represent the mean ± standard error of the mean. New bone
formation assessed by μ-CT was analysed using one-way, and two-way
ANOVA followed by Bonferroni's post-test. Data on vessel density were
analysed using a one-way ANOVA and Bonferroni's post-test, and qPCR
data were analysed using two-way ANOVA and Bonferroni's post-test.
Significant differences between the groups, determined using post-tests,
were set with p < 0.05.

3. Results

3.1. Scaffold characteristics

The scaffolds show porosity of 88.1%-0.3% and an anisotropic and
highly interconnected porous structure with an average pore size of
163.5 ± 0.1 μm as revealed by μ-CT analysis Fig. 1. Moreover, the
scaffolds present better mechanical properties in the transverse direc-
tion (32.09-0.273MPa) than in the radial direction (1.24-0.307MPa)
[20].

3.2. hASCs

hASCs depicted mesenchymal nature. Plastic-adherent isolated
hASCs had a fusiform morphology Fig. 2a. The mesenchymal phenotype
of the isolated population was confirmed by their multipotency Fig. 2b.
The hASCs differentiated into osteogenic, adipogenic and chondrogenic
lineages, as demonstrated by staining of mineralised matrix deposits,
intracellular lipid vacuoles and glycosaminoglycan, respectively. The
hASC immunophenotype was consistent with mesenchymal stem cells
(MSC). More than 90% of the cells expressed CD105, CD166, CD90 and
CD73. Cells were negative for the hematopoietic markers CD34, CD45,
CD19 and HLA-DR Fig. 2c.

3.3. PHB-HV+ hASCs construct

hASC viability was preserved after being seeded on PHB-HV scaf-
folds. SEM micrographs showed a highly porous structure with high cell
density in the inner scaffold region after five days of culture Fig. 3a.
Immediately before implantation, cells were still viable and distributed
throughout the scaffold, as indicated by calcein-AM staining Fig. 3b.

3.4. Defect healing by hASCs loaded on PHB-HV scaffolds in nude mice

No evidence of infection or scaffold extravasation occurred post-
operatively or upon harvesting the calvarial implants. Bone healing was
assessed macroscopically. After 4 or 12 weeks, the bone defect was
apparent in the control group; there was a lack of healing, and the
brain, meninges and meningeal vessels were apparent. In both scaffold
groups, the scaffold was visible at the site of implantation and in-
tegrated with the adjacent tissue Fig. 4a.

Bone healing progression analysis was performed using H&E
staining Fig. 4b. The implanted PHB-HV scaffolds were integrated into
the adjacent bone and not biodegraded after 12 weeks. Neither the
implants nor adjacent tissue was necrotic. Twelve weeks after im-
plantation, no animal of any group had complete bone defect healing.
The control group exhibited no bony regeneration. Nevertheless, the
PHB-HV group showed some ossification that produced small miner-
alised bone matrix (primary bone) that was not contiguous with the
bony front. Besides, new bone formation localised in the areas of the
scaffold adjacent to the dura mater or periosteum within the defect.

In general, 4 weeks post-implantation, the PHB-HV- and PHB-
HV+hASCs-implanted animals displayed a mild multifocal lympho-
histiocytic inflammatory infiltrate associated with giant cells and
amorphous material (e.g., the PHB-HV scaffold). The PHB-HV scaffold
triggered a foreign body reaction that increased between 4 and 12
weeks post-surgery, while the bone defect in the control group was

Fig. 1. PHB-HV scaffold characterisation. a. Three-dimensional μ-CT of PHB-HV
scaffold. b. Representative micrograph of the internal structure of the scaffolds.
Scale bar is 50 μm.
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substituted by elongated cells with minimal lymphohistiocytic in-
flammatory infiltrate. Twelve weeks post-implantation, the PHB-HV
and PHB-HV+hASCs groups showed fibrous connective tissue inter-
spersed with the scaffolds. For the PHB-HV group, primary bone ap-
peared as islands within the area of the bone defect. After 12 weeks, the
PHB-HV+hASCs group presented a dense fibrous connective tissue in
the injured area and did not display mineralised bone matrix Fig. 5.

3.5. μ-CT

μ-CT scans revealed little to no bone healing in the PHB-HV or PHB-
HV+hASCs groups. Quantification of μ-CT images showed that empty
defects (control) healed by less than 5% over 12 weeks. Defects treated
with scaffolds (PHB-HV or PHB-HV+hASCs) healed approximately
10% after 12 weeks. Nevertheless, there was no significant difference in

Fig. 2. Characterisation of human adipose tissue stem cells cultured in basal medium supplemented with aHS. a. Fusiform morphology of hASCs; scale bar is
150 μm. b. hASCs capacity to differentiate into the osteogenic, adipogenic and chondrogenic lineages, respectively, shown by the staining of mineral deposits in the
extracellular matrix with von Kossa, lipid vacuoles with Oil Red O and glycosaminoglycan with Alcian blue; scale bar is 150 μm. c. Representative histograms
depicted mesenchymal phenotype characterised by the expression of selected mesenchymal stem cell markers. The cell population expressed CD105, CD166, CD90
and CD73, but did not express CD34, CD45, CD19 and HLA-DR. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web
version of this article.)

Fig. 3. hASCs adhered to the PHB-HV scaf-
fold. a. Scanning electron micrograph of the
inner region of the PHB-HV scaffold showed
hASCs adhered. Black arrowhead indicates
cells; scale bar is 50 μm. b. The x-y cross-
section shows Calcein-AM staining (green
signal), indicative of viable hASCs adhered
to the PHB-HV scaffold, immediately before
transplantation. An orthogonal projection
of two cross-section cuts (x-z and y-z) is also
shown. Nuclei were in blue. Scale bar is
20 μm. (For interpretation of the references
to colour in this figure legend, the reader is
referred to the Web version of this article.)
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bone formation between the control and both treatment groups as well
as between 4 weeks and 12 weeks for each group evaluated, Fig. 6.

3.6. Bone markers expression

The potential PHB-HV scaffold biomechanical effect on neo-tissue
formation could involve extracellular matrix deposition and organisa-
tion and may enhance the ability of hASCs to regenerate bone by direct
differentiation into osteogenic precursors or through soluble factors
release. Almost all bone markers were significantly lower in PHB-HV
and PHB-HV+hASCs groups compared to native, uninjured bone 4
and 12 weeks post-implantation. The one exception was BGLAP in the
PHB-HV+hASCs group 12 weeks after implantation, where the ex-
pression of this gene was similar to a native bone. Further, BGLAP and
RUNX2 expressions were significantly higher in the PHB-HV+hASCs
group at both post-implantation time points, compared to the PHB-HV
group Fig. 7a-b. COL1A1 expression was significantly higher in the
PHB-HV+hASCs group compared to the PHB-HV group only at 12

weeks post-implantation Fig. 7c. ALPL level was similar for the PHB-HV
and PHB-HV+hASCs at both time points Fig. 7d. Overall, there was a
general trend for increased expression of these bone markers in the
PHB-HV+hASCs group over time.

Immunohistochemical staining was demonstrated in both scaffold
groups osteocalcin-positive cells after 4 and 12 weeks post-implanta-
tion. However, signal intensity was markedly higher for the PHB-
HV+hASCs compared to the PHB-HV group 12 weeks after im-
plantation; osteocalcin staining was apparent in cells in the matrix that
comprised the connective tissue. In the control group, only the native
bone expressed osteocalcin Fig. 7e.

3.7. Transplanted hASCs improved neovascularisation

Gene expression of the angiogenic factor VEGFA demonstrated the
influence of transplanted hASCs and PHB-HV scaffold on neovascular-
isation. Human VEGFA mRNA was detected only in the PHB-
HV+hASCs group after 12 weeks, not being detected in the other
groups, while mouse VEGFA mRNA was detected in all groups eval-
uated by RT-PCR Fig. 8a. Mouse VEGFA expression was significantly
higher for the PHB-HV+hASCs group compared to all other groups 4
weeks post-implantation. Comparatively, increased VEGFA expression
was detected only 12 weeks post-implantation for the PHB-HV group
Fig. 8b. Vessel density quantification confirmed this result. This ana-
lysis revealed moderate multifocal neovascularisation with a sig-
nificantly higher vessel density for PHB-HV+hASCs compared to the
control and PHB-HV groups 4 weeks post-implantation. The PHB-HV
group achieved an equivalent number of vessels in the implant com-
pared to the PHB-HV+hASCs group only after 12 weeks. The control
group did not display significant neovascularisation Fig. 8c.

4. Discussion

Bone tissue engineering is a promising strategy to treat bone in-
juries, but challenges remain to obtain enough cells, to optimise culture
conditions and to develop efficient structural matrices.

Fig. 4. Bone healing evaluation of calvarial defects from immunodeficient
(nude) mice. a. Gross appearance of calvarial defects. Macroscopic images of
the harvested skulls demonstrated the brain, meninges and meningeal vessels in
the control group with no visible bone healing. PHB-HV and PHB-HV+hASCs
groups showed the scaffold, and neither the brain nor meninges were visible.
n= 6 per group. b. Representative images of H&E-stained histological sections
of bone defects at 4 and 12 weeks post-implantation that highlight tissue re-
generation progression over time. Islands of primary bone were observed only
in the PHB-HV group 12 weeks post-implantation (black arrowhead).
Abbreviations: IF, inflammatory infiltrate; NB, native bone; PB, primary bone;
CT, fibrous connective tissue. Scale bar is 650 μm.

Fig. 5. High magnification representative images of H&E-stained histological
sections of the inner implant region over time. Fibrous connective tissue in-
terspersed with scaffolds and foreign body reaction was apparent for both the
PHB-HV and PHB-HV+hASCs groups. Suggestive mineralised bone matrix
focus was observed in the PHB-HV group after 12 weeks post-implantation.
Abbreviations: GC, giant cell; V, vessel; PB, primary bone. Scale bar is 50 μm.
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Natural biodegradable polymers, such as PHB-HV, are investigated
for tissue engineering applications. Among scaffold fabrication techni-
ques, the freeze-drying technique has been useful to create high-por-
osity scaffolds and control the pore size. In our previous studies, the
PHB-HV scaffolds developed by the conventional freeze-drying tech-
nology showed a highly interconnected porous structure and mechan-
ical performance to support tissue engineering applications. The de-
veloped PHB-HV scaffolds showed the ability to support the in vitro
culture of CNS-derived cells and hASCs [20,23], which unveiled the
lack of a cytotoxic effect of these scaffolds and from any residual acetic
acid or solvent from scaffold fabrication. Also, the histocompatibility
study (subcutaneous implantation) showed that PHB-HV scaffolds were
well tolerated by the host tissue with no evidence of abscess formation
or tissue necrosis [23]. So, it seems that the acetic acid and solvent
involved in the scaffold manufacturing had been completely removed
during the freeze-drying process and any substance released from the
scaffold can be considered nontoxic or were bellow the harmful con-
centration to the host tissue. Lastly, the PHB-HV scaffold was suitable
for allowing hASCs colonisation, growth and differentiation into os-
teogenic phenotype in an in vitro condition [20], which prompted us to
investigate its properties in vivo.

Several clinical trials over the past few years have also evaluated the
applicability of hASCs for regenerative medicine [24], and a myriad of
advantages substantiates the use of hASCs for bone tissue engineering:
an autologous cell source; cells that can be harvested by minimally
invasive procedures; rapid expansion; the ability to differentiate into
multiple lineages. In this study, hASCs were isolated from lipoaspirate
byproducts and displayed morphology, differentiation potential and an
immunophenotype that were in accordance with the International
Federation for Adipose Therapeutics and Science and International
Society for Cellular Therapy.

As far as we know, this is the first study to evaluate the bone re-
generation capacity of hASCs cultured in aHS and combined with PHB-
HV scaffold in an athymic nude mouse model of a non-healing critical-
sized calvarial defect. Before implantation, the colonisation of scaffolds
by hASCs showed viable cells distributed through the inner scaffold
region.

Post-implantation, complete wound closure was observed at the
suture site. Histological analysis demonstrated that the PHB-HV scaf-
fold effectively substituted the bone defect and integrated with the
adjacent viable bone. A foreign body reaction response was triggered,
and this could influence the material's biodegradability and tissue re-
modelling in the long term since multinucleated giant cells were in the
tissue. Giant cells are responsible for secret pro-inflammatory cyto-
kines, chemokines and proteolytic enzymes as well as phagocytise de-
graded biomaterial particles [25]. However, the scaffold did not de-
grade after 12 weeks of implantation, and there was limited evidence of
new bone formation for the PHB-HV+hASCs group. The first evidence

of primary bone formation in this study was in the PHB-HV group, next
to the dura mater, after 12 weeks. Three-dimensional reconstruction of
μ-CT scans also revealed small areas of new bone in PHB-HV and PHB-
HV+hASCs groups with no significant difference in regenerated bone
volume between the groups. Other works showed that PHB-HV de-
grades in vivo into (R)-3-hydroxybutyric acid and 3-hydroxyvaleric
acid, ketone bodies that exist under normal physiological conditions in
human blood [23] and that PHB-HV scaffolds degrade slower than
other polymeric scaffolds being noticeable only after 16 weeks in vivo
[26]. So we could observe a synergic action between the slow new bone
formation and slow scaffold degradation. Strategies such as use a bio-
degradable polymer to produce a multicomponent scaffold could favour
the development of scaffolds with bioactivity and biodegradability
adequate to bone tissue engineering application, once it is possible to
take the advantage from each of the components independently [6]. For
instance, PLLA is a biocompatible and biodegradable polymer, but with
poor mechanical properties and also elicits a harmful local in-
flammatory response. Therefore to overcome these characteristics some
studies have been using this PLLA with other components, such as nano
magnesium oxide (nMgO) that enhance the crystallinity of the PLLA,
and also neutralize the acid degradation by-products of PLLA, avoiding
local inflammation [27]; and blend of PLLA, polyetheretherketone
(PEEK) and β-tricalcium phosphate (β-TCP) to fabricate scaffolds by
selective laser sintering (SLS) which also showed good capacity of bone
regeneration associated with good biodegradability in vivo [28].

Both PHB-HV and PHB-HV+hASCs constructs modulated RUNX2,
ALPL, BGLAP and COL1A1 expression; hASCs addition further aug-
mented their expression. The expression of these bone markers mRNA
before osteoblast mineralisation initiation suggests that the proteins
may be involved in the preparation of the extracellular matrix for the
ordered deposition of minerals which is necessary for the progressive
formation of new bone tissue [29]. The higher BGLAP expression 12
weeks after implantation is in accordance with its expression only post-
proliferatively with the onset of nodule formation. Once BGLAP en-
codes the protein osteocalcin, there was a gene and protein expression
correlated, and the overexpression of osteocalcin markedly higher for
the PHB-HV+hASCs compared to the PHB-HV group corroborates the
BGLAP expression observed. The in vitro study also showed that hASCs
cultured in PHB-HV and aHS, without any further stimulus, was able to
induce hASCs to an osteogenic phenotype with the evidence of in-
creased alkaline phosphatase activity [20], which is considered an early
marker of osteogenic differentiation [30,31]. Moreover, hASCs in vitro
were able to express the genes associated with osteogenesis: RUNX2,
COL1A1 and ALPL, but not BGLAP [20]. Nevertheless, the observed in
vitro results [20], and the expression of the bone markers in vivo were
not enough to promote a significant bone healing and, despite this, the
bone regeneration achieved by PHB-HV+hASCs was inferior com-
pared to the PHB-HV group.

Fig. 6. μ-CT images of calvarial defects 4
and 12 weeks post-implantation. The area of
newly regenerated bone in each defect was
calculated for each experimental group and
expressed as a percentage of the entire de-
fect area. There was no statistical difference
between the groups at each time evaluated
and between the times of 4 and 12 weeks
post-implantation.
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Fig. 7. Expression of bone differentiation markers. Graphs of relative gene expression of a. RUNX2, b. BGLAP, c. COL1A1 and d. ALPL among the groups at 4 and 12
weeks post-implantation. *p < 0.05, comparing PHB-HV vs control; #p < 0.05, comparing PHB-HV+hASCs vs control; +p < 0.05, comparing PHB-HV vs PHB-
HV+hASCs and e. osteocalcin immunohistochemical staining of implant sections at different times post-implantation. Arrow indicates cells positive for osteocalcin.
Scale bar is 50 μm. Abbreviations: NB, native bone; M, matrix.
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The hASCs in aHS associated with PHB-HV scaffold did not promote
new bone formation directly in vivo like expected by results of the
previous in vitro study [20]. However, a clinically relevant finding is
that hASCs survived in vivo even after a long period of implantation,
since human VEGFA was detected in PHB-HV+hASCs group after 12
weeks post-implantation.

The fact that the enhanced vessel numbers were noticeably higher in
the PHB-HV+hASCs group, compared to the PHB-HV group, suggests
that hASCs contributed to enhancing early vascularisation. Vascularity
of the scaffolds is essential and perhaps the most critical factor in graft
healing because the vessels network is responsible for the diffusion of
oxygen and nutrients and this blood supply supports graft viability and
explains the efficacy of tissue reconstruction. The process of new blood
vessel formation starts by an angiogenic signal, which can be released
by tissues in response to hypoxia [32]. In response to this angiogenic
signal, pericytes and endothelial cells migrate towards the angiogenic
stimulus, and together with stem cells, proliferate to generate the new
blood vessel. Moreover, the porosity and pore size of the scaffold can
significantly affect neovascularisation and osteogenesis upon in vivo
implantation. One of the major limitations to tissue regeneration is the
relative lack of vascular supply, and much of the regenerated bone is
limited in diameter due to cell diffusion limits. Combining hASCs ex-
panded in aHS with the PHB-HV scaffold appeared to stimulate early

tissue vascularisation. However, this neovascularisation did not influ-
ence bone formation. Indeed, hASCs can secrete angiogenic factors,
such as VEGF, HGF and bFGF, which play essential roles during an-
giogenesis [33,34]. VEGFA is considered the most potent angiogenic
factor and higher VEGFA expression 4 weeks post-implantation in the
PHB-HV+hASCs compared to the other groups correlated with the
presence of hASCs in the defect site and suggests that the transplanted
cells are responsible for this upregulation and the increased number of
new vessels. However, PHB-HV also induced higher VEGFA expression
and neovascularisation at 12 weeks post-implantation that was
equivalent to PHB-HV+hASC group. Possibly the PHB-HV scaffold
architecture, developed by freeze-drying technique, with the pore size
of 163.5 ± 0.1 μm, the porosity of 88.1% ± 0.3 and high inter-
connectivity, created a microenvironment which induced proper an-
giogenic signals (VEGFA) observed 12 weeks post-implantation. Be-
sides, this microenvironment also must have allowed the cells located at
the surrounding area of implantation, such as pericytes, endothelial
cells, stem cells, migrated to within the scaffold and proliferated to
create the vascular network at 12 weeks post-implantation. This result
corroborates with other studies that showed that greater pore size
(minimum recommended pore size of 100 μm) leads to increased neo-
vascularisation of scaffolds and consequently better osteogenesis [35-
37]. In addition to pore size, the higher porosity, as well as pore

Fig. 8. Examination of the effect of PHB-HV and hASCs on neovascularisation. a. Agarose gel electrophoresis of RT-PCR analysis showing human VEGFA mRNA
expression by PHB-HV+hASCs group and mouse VEGFA mRNA expression by control, PHB-HV and PHB-HV+hASCs groups 12 weeks post-implantation (50 bp
DNA step ladder). b. Graphical representation of qPCR analysis of mouse VEGFA expression among the groups at different time points after implantation. *p < 0.05,
comparing PHB-HV vs control; #p < 0.05 comparing PHB-HV+hASCs vs control; +p < 0.05, comparing PHB-HV vs PHB-HV+hASCs. c. Representative image of
the PHB-HV+hASCs group 12 weeks post-implantation that shows the blood vessels stained with H&E and graph of vessel density (mean number of vessels/mm2) at
different time points after implantation. Quantification was performed using H&E-stained sections. Black arrowheads indicate the vessels. *p < 0.05, comparing
PHB-HV vs control; #p < 0.05 comparing PHB-HV+hASCs vs control; +p < 0.05, comparing PHB-HV vs PHB-HV+hASCs. Abbreviations: hASCs, human adipose
stem cells; NTC, non-template control.
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interconnectivity, allow for in vivo bone and vessels ingrowth, being
scaffolds with 80-88% of porosity ideal for vascularisation and bone
tissue formation in vivo [38].

Other studies evaluated the capacity of hASCs for bone regenera-
tion. However, there is a lack of consensus regarding the osteogenic
potential of hASCs [39,40]. Our findings support a recent study that
showed hASCs enhancing neovascularisation, but they are weak to
promote bone regeneration [40]. There are some differences between
our studies and others with better outcome with hASCs for bone re-
generation. Firstly, we did not follow any pre-differentiation protocols
[41,42] and hASCs genetically modified [29,43,44] in vitro before
grafting as some studies did it. The athymic nude mouse model of non-
healing critical-sized calvarial defect was chosen instead of using an
immunocompetent animal model, because it is commonly used to
evaluate bone regeneration [45,46] and it lacks T cells being well es-
tablished for xenogeneic transplants, which would have contributed for
long term persistence of hASCs in an in vivo graft and promoted earlier
neovascularisation. However, the role of the immune system on os-
teoblasts is still unclear and should be considered the significance of the
adaptative and innate immune systems on bone tissue repair. So the
lack of T-cells must have contributed to delay osteoblast maturation
and to prolong the proliferative phase of fracture healing as observed by
other studies [47,48]. The inferior results of hASCs compared to bone
marrow stem cells in the bone graft of immunocompromised mice were
also observed by other works [40,49], confirming that the type of cell
and donor site location of stem cells used could influence cell's differ-
entiation potential and also the tissue healing capacity [50]. Still needs
to elucidate the exact mechanism leading to the lower bone regenera-
tion observed in vivo. We think that evaluating bone regeneration also
in the immunocompetent model could reveal some points about the role
of the immune system, apart from the biochemical strategies (growth
and differentiation factors and proteins that promote bone formation,
so on.). Also, the use of multicomponent scaffolds with osteoconductive
materials could improve the actual strategy to achieve better results.
Currently, nanoparticles such as hydroxyapatite [51-54], graphene
oxide-Ag [55] and Ag [56,57], Mg [27], can be incorporated into a
polymeric matrix for improving osteoconductivity, mechanical prop-
erties, antibacterial activity, degradation rate, benefiting regeneration
of bone defects.

5. Conclusion

In summary, this study focused on PHB-HV scaffold associated with
hASCs in xeno-free condition as a bone substitute. Despite the previous
promising osteogenic potential in vitro of this strategy, this did not
translate to in vivo findings. hASCs grafting even combined with PHB-
HV scaffold were not sufficient for bone healing, and this should be
considered before clinical application of hASCs for bone tissue en-
gineering. However, this strategy caused long-term cell survival on the
graft site, and it was successful in promoting effective in vivo scaffold
vascularisation interesting for other fields of tissue engineering or to
improve other bone tissue engineering strategies.
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